Cryptococcus neoformans is a basidiomycetous pathogenic yeast that causes fatal infections in both immunocompetent and immunocompromised patients. Regulation on the production of its virulence factors is not fully understood. Here we reported the characterization of a gene, named CVH1(CNA06260), encoding a Drosophila Vilse-like RhoGAP homolog, which is hallmarked by three conserved functional domains: WW, MyTH4 and RhoGAP. Phylogenetic analysis suggests that CVH1 is highly conserved from protists to mammals and interestingly in basidiomycetes, but absent in plants or Ascomycota and other lower fungi. This phylogenetic distribution indicates an evolutionary link among these groups of organisms. Functional analyses demonstrated that CVH1 was involved in stress tolerance and virulence factor production. By disrupting CVH1, we created a second mutant cvh1 with the CRISPR-Cas9 editing tool. The mutant strain exhibited hypersensitivity to osmotic stress by 2 M sorbitol and NaCl, suggesting defects in the HOG signaling pathway and an interaction of Cvh1 with the HOG pathway. Hypersensitivity of cvh1 to 1% Congo red and 0.01% SDS suggests that the cell wall integrity was impaired in the mutant. And cvh1 hardly produced the pigment melanin and capsule. Our study for the first time demonstrates that the fungal Vilse-like RhoGAP CVH1 is an important regulator of multiple biological processes in C. neoformans, and provides novel insights into the regulatory circuit of stress resistance/cell wall integrity, and laccase and capsule synthesis in C. neoformans.
INTRODUCTION
Cryptococcus neoformans is a basidiomycete yeast, an opportunistic human pathogen that causes pulmonary infection in both immunocompetent and immunocompromised people, mainly those who are conflicted with AIDS or have received organ transplant surgery (Mitchell and Perfect 1995; Brown et al. 2012) . Cryptococcus neoformans is worldwide distributed and a large annual number of mortality caused by cryptococcosis has been suggested, with an estimated 220 000 cases (Park et al. 2009; Rajasingham et al. 2017) . Cryptococcal antigenemia was counted for 2.9% of the HIV patients' serum from 1986 to 2012 in the USA (McKenney J et al. 2014) . Cryptococcus neoformans pathogenicity is largely due to many characteristics, e.g. the ability to grow at 37
• C, high molecular weight polysaccharide capsule and melanin production (Salas et al. 1996) . Melanin biosynthesis contributes to virulence of C. neoformans because of its resistance towards host immune attack and other environmental elements (Rosa et al. 2010) , which facilitates yeast dissemination from lungs (Noverr et al. 2004) . Two main polyphenol oxidase (laccase) encoding genes, LAC1 and LAC2, have been identified in C. neoformans, of which LAC1 is considered to be the main contributor to laccase activity and melanin formation (Zhu and Williamson 2004; Pukkila-Worley et al. 2005) . In addition, some other genes including VPH1, CCC2, ATX1, CHS3, MBF1 and XRN1 are also required for melanization (Erickson et al. 2001; Zhu et al. 2003; Walton, Idnurm and Heitman 2005; Wollschlaeger et al. 2014) , although in most cases their mode of action is not well characterized. Furthermore, pathogenicity of the Cryptococcus is also regulated by GTPases. GTPases are a large superfamily of switch proteins that are involved in transmitting outside signals to internal effectors (Stenmark 2009 ). GTPases consist of two families of proteins: heterotrimeric GTPases and monomeric small GTPases. The small GTPases are found homologous to an alpha subunit of heterotrimeric GTPases (Scheffzek and Ahmadian 2005) . According to the structure of their primary amino acid sequences and its basic biochemical properties, small GTPases are again divided into five subfamilies; Ras, Rho, Rab, Arf and Ran. The Rho subfamily is further divided into RHOA, RAC1 and CDC42 (Hippenstiel et al. 2002) . Small GTPases play important roles in cell polarized growth, actin cytoskeleton and microtubule assembly, membrane transport factors and transcription factor activity (Etienne-Manneville and Hall 2002; Neves, Ram and Iyengar 2002; Jaffe and Hall 2005) . GTPases possess GTPase domain that is able to hydrolyze GTP to GDP spontaneously but at a low rate. GTPases are active when they are bound to GTP and inactive with GDP (Bourne, Sanders and McCormick 1991) . Some proteins are uncovered to regulate the balance between GTP and GDP. To be specific, GTPase-activating proteins (GAPs) accelerate the GTP hydrolysis, guanine nucleotide exchange factors (GEFs) catalyze replacing the GDP with new GTP, and guanosine nucleotide dissociation inhibitors (GDIs) suppress such process (Scheffzek and Ahmadian 2005) . In other words, GAPs and GDIs are inhibitors of small GTPases while GEFs are stimulators. In C. neoformans, the previous research identified three classes of small GTPases: Ras, Rac and Cdc42 (Schmidt and Hall 1998) . Mutation of those small GTPases leads to significant change in cell growth such as thermotolerance, mating and septin localization. Cdc24 was identified as a specific GEF for Cdc42 (Ballou et al. 2010 (Ballou et al. , 2013b Lam, Gerik and Lodge 2013; Arkowitz and Bassilana 2015) . In addition, overexpression of GDI (RDI1) results in aberrant cell morphology in Cryptococcus (Price, Nichols and Alspaugh 2008) . However, very few studies have investigated in detail the GAPs in Cryptococcus spp.
In a previous study to search for genes that control the expression of one of the virulence factors laccase (LAC1), we identified a gene CNA06260 (Gene ID: 3253553) via random insertional mutagenesis with T-DNA, which was involved in melanin production (Li et al. 2012) . Cloning and bioinformatics analyses showed that this gene tentatively encodes a protein highly homologous to Vilse, a Drosophila Rho GAP-containing protein; therefore, we name this gene CVH1 (Cryptococcus Vilse Homolog). Interestingly, bioinformatics analysis revealed that this type of Rho GAPs was only present in protists, metazoans and basidiomycetous fungi, but absent in plants and lower fungi. Unfortunately, their function remains largely elusive. In order to investigate the basic function of this gene besides regulation of melanin production, we utilized the lately developed CRISPRCas9 editing tool (clustered regularly-interspaced short palindromic repeats) that greatly facilitates the targeted gene knockout in this fungus to inactivate CVH1 to generate a secondary mutant strain cvh1 (Wang et al. 2016) . Apart from the declined melanin production, we also observed more significant phenotype alternations, e.g. in cell wall biosynthesis, thermotolerance and resistance to osmotic stresses in cvh1 . The CVH1 reintroduction recovered the phenotypic defects to the wild-type phenotype. We present the results below.
MATERIALS AND METHODS

Strains and media used for growth
We used Cryptococcus neoformans var. neoformans JEC21 (serotype D) as a wild type and 4500FOA, a uracil auxotrophic mutant, as a recipient for the electroporation of CRISPR-Cas9 plasmids. DH5a (Escherichia coli) was used for routine plasmid amplification and preparation. LB was used for the growth of DH5a competent cells after transformation. All yeast strains were usually cultured in YPD (2% glucose, 2% Bacto peptone, 1% yeast extract and pH 6.0) for routine growth. YNB (Yeast Nitrogen Broth without amino acids) was the minimal medium for yeast transformant selection or purification. Sugar-limited asparagine (Asn) agar (0.1% asparagine, 0.3% KH 2 O 4 , pH 5.2, Asn) containing 100 mg L −1 NE, the substrate of laccase, was used for induction of melanin production in the yeast. Asparagine salt agars (Asn) supplemented with 2% other carbon sources were used to test growth under different conditions or to observe the inhibition of melanin formation. Strains were usually incubated at 30 • C unless indicated.
Gene targeting by CRISPR-Cas9 editing tool and complementation
To effectively target the CVH1 candidate in C. neoformans JEC21, we employed a 'suicide' CRISPR-Cas9 protocol described by Wang et al. (2016) . Briefly, to generate gRNA in vivo, we added the N 19 target sequence (ACGTCGGTACACCCTCCCG) from CVH1 (CNA06260) into CRISPR plasmid (pBS-URA5 CRISPR 10 663 bp) via overlap PCR as shown in Figs 3A . B and 4A. We used the CRISPR-containing plasmid to make a disruption mutant of CVH1 by the marker URA5. The CAS9 and the gRNA cassette would be degraded once double crossover was initiated by Cas9 at the gRNA target site ( Fig. 4 ; Wang et al. 2016) . Thus, we amplified a 1-kb upstream fragment of CVH1 using the primers (TTCTAATGCAAATCGCGAGAGTCGGCGAG ACAA/ATATCAAGCTTATCGTCTGGGGTATGGACTGCAG) carrying a Cla I site, and a 1-kb downstream fragment of CVH1 with the primers (ATCCACTAGTTCTAGTCTTCGCAGCGTC-CGTTT/GAGTCCGCTCTCTAGATGTGAGGGTTTCGCACCT) with Xba I site from the N 19 target. And they were fused to each end of URA5 and the CRISPR plasmid via Gibson's assembly. We linearized the final design with BamH I and applied to the 4500FOA via electroporation.
To restore the gene, a 4.7-kb fragment of the CVH1 (CNA06260) was amplified with a pair of primers (CCGAGCT-CATTGCGAGCCACGAACAGT/GGACTAGTCTCCGCTTCCCACTCA CT) and ligated to the plasmid pBS-hyg that carries the hygromycin resistance gene hyg as selection marker. The final vector was linearized by Not I and applied to the mutant via electroporation.
Verification of the disrupted gene by PCR and Southern blotting
Initial verification was done by PCR screening using the sense primer 1 (GGAAGGAAGAGGGCAGTGCAA) and the anti-sence primer 2 (TTCAAGCACCACCATTCGCTC) to amplify a 4-kb fragment based on the anticipated insertion of URA5 at the CVH1 locus. Southern blotting was performed for further verification. Cryptococcus neoformans cells were grown in liquid YPD to stationary phase at 30
• C. DNA extraction was carried out with the method described previously (Zhu and Williamson 2004) . Genomic DNA was double digested with Cla I and Xba I, which cut the DNA into two fragments with known length over the insertion locus of CVH1, and then subject to 0.7% agarose gel separation. Blotting was conducted on an N + -Maga probe nylon transfer membrane by following the manufacturer's instruction (DIG High Prime DNA Labeling and Detection starter Kit II, Roche) and the film was exposed using Optimax2010 (ProTec, German).
Assays for stress resistance
Yeast cells were grown at 30
• C for 16 to 20 h and then washed with ddH 2 O twice. The cells were suspended in sterile ddH 2 O. A droplet of 5 μL cell suspension in the number indicated was dropped onto YPD agar in 10-fold dilution and plates were incubated for 5 days at 37 • C, or at 39
• C for the test of hightemperature stress. For osmotic and others stress response tests, cell growth was observed in the presence of 2 M NaCl, 2 M Sorbitol, 1 mM H 2 O 2 and YNB with pH 4.0. A concentration of 0.01% SDS was also applied in YPD to test for the cytoplasmic membrane integrity. Congo red (1%) agar and CFW 1 mg/ml were used to check its cell wall integrity.
Determination of LAC1 expression by qRT-PCR
Yeast cells were incubated at 30
• C for 18 h in ASN containing 0.1% glucose (for laccase induction). Total RNA isolation was performed as described previously with a TRIzol reagent kit (Tiangen, China). The synthesis of first strand of cDNAs was conducted using the Fast Quant RT Kit (Tiangen, China) following the manufacturer's protocol. The qPCR was performed using Light Cycler 480 SYBR Green I Master (Roche) using the LAC1 specific primers: (TGGTGGCACTCCCAT-TAC/TCGGTCCTCATCATAGTCTCG). Subsequently, 10 μL SYBR green master mix, 1 μL each primer (10 μM), 7 μL distilled water and 10-fold diluted cDNA solution and distilled water (for negative control) were taken to compose the reaction system. The CT method was employed to assess transcriptional level of the target genes, and the actin-encoding gene (ACT1) was used for normalization.
Microscopy for observation of cell morphological changes
To observe the difference in morphology between the mutant and the wild type, yeast cells were grown on maltose agar at 30
• C for 1 week. After staining the cells with Indian ink, they were observed for capsule formation under light microscope with ×100 objective lens and an oil emersion. For detection of intracellular chitin distribution, fresh cultures on YPD were stained with Calcofluor white (CFW). The wild-type and the complement strains served as control. Cells size was observed for the cells incubated at 30
• C for 4.5 h.
RESULTS
Cryptococcal CVH1 gene encodes a homolog of Vilse-type GAP
In a previous screening, we acquired a melaninless mutant from Cryptococcus neoformans var. neoformans JEC21 from a random T-DNA insertional library and found that the disrupted gene was annotated under the number of CNA06260 in the genome project for the yeast. Blast search for conserved domains against GenBank databases by utilizing its putative amino acid sequence suggested that it was a highly conserved protein of the small GAP superfamily. As a result, CNA06260 encodes a protein with 810 amino acids that were predicted to include three functional domains: one N-terminal WW domain (residues 75-106), one MyTH4 domain (residues 490-593) and one characteristic RhoGAP domain (residues 605-791). This protein shares the highest score of identity at the peptide sequence level and an identical domain architecture to the Drosophila protein, Vilse GAP (Fig. S2A , Supporting Information) (Lundstrom et al. 2004; Hu et al. 2005) , to be specific, 50% identity between the WW domains, 26.27% identity for the MyTH4 domains and 42.33% for RhoGAP domains (Fig S1B) . Therefore, we name the gene CNA06260 as CVH1 for Cryptococcus Vilse Homolog.
CVH1 is conserved across basidiomycetous fungi and metazoans
Vilse-like GAP homologs were first discovered responsible for Robo repulsion in axons in the fruit fly (Lundstrom et al. 2004; Hu et al. 2005) . Given the high homology between CVH1 and fly Vilse, we conducted a more comprehensive alignment on the conservation of CVH1. We found CVH1 homologs with similar length and domain feature in the genus C. neoformans var. grubii and C. amylolentus but not in C. gattii and C. depauperatus. In C. gatti, the CVH1 homolog possesses a short length of 537 aa but lacks the N-terminal WW domain. On the contrary, both C. depauperatus and C. amylolentus contain a longer Cvh1 homolog with 1020 aa and 1024 aa, respectively and have additional parts at the Nterminus that are found in flies and mammalians (Fig. S1A) . The WW domain is featured by two tryptophan residues that are separated by a sequence of 20-23 amino acid residues (Fig. S1B) . The spacer in C. neoformans is 23 aa in length. We displayed the alignments of Cvh1 homologs from Cryptococcus spp. in Fig. S2 (Supporting Information).
To compare the homology of CVH1 homologs in the fungi, we first acquired the protein sequences from the GenBank that contain the MyTH4 domain. We found 138 fungal proteins containing a MyTH4 domain (IPR00857) that were also confirmed by the InterPro 62.0 database. It is worth noting that 130 proteins also harbor a RhoGAP domain CVH1 in addition to the MyTH4 domain. Surprisingly, no CVH1 homologs were detected in Ascomycota and other lower fungal phyla. We examined the CVH1 homologs in other eukaryotes and a phylogenetic tree was constructed (Fig. 1) . In addition to metazoans, CVH1 homologs are found in most of the protists such as Amoebozoa, Apusozoa, Heterolobosea, Parabasalia, Rhizaria and Stramenopiles. Previous research did not identify Vilse homologs in Caenorhabditis elegans; however, we found that a C. elegans protein Q9BKW0 displays the features of a short version CVH1 that is similar to the one in C. gattii. Interestingly, we were not able to find any CVH1 homologs in plants Viridiplantae. Bioinformatics data suggest that the distribution of CVH1 homologs is limited in phyla of eukaryotes except for plants and lower fungi.
Targeted disruption of CVH1 gene via CRISPR-Cas9 system
As the low homologous recombination frequency in C. neoformans, we used a newly created CRISPR-Cas9-mediated highfrequency disruption method for C. neoformans to make a targeted mutant of CVH1 (Wang et al. 2016) . The basic rationale of this 'suicide' editing strategy is that the small guide RNA will guide Cas9 to the corresponding homologous site on CVH1, and Cas9 makes a DSB (double-strand break) at the site of exon 5 on the CVH1, which initiates a double crossover in the presence of the donor DNA carrying the marker URA5 that is flanked by homologous sequences of CVH1 (Fig S3A and B, Supporting Information) . The double crossover will give rise to the insertion of URA5 into the targeted site of CVH1 and the sgRNA, and Cas9 cassette can be degraded upon the recombination (Wang et al. 2016 ). The degradation not only minimizes the off-target effects of the CRISPR-Cas9 system but makes gene restoration possible.
Disruption mutants were screened by PCR in which a 4-kb fragment was amplified after the insertion of URA5 (2 kb), verse a 2-kb band for the wild-type and both bands in the complement. The disruption mutant was designated as cvh1 . Southern blotting was performed to confirm the knockout of CVH1. Cla I and Xba I were used to digest the genomic DNA. Cutting sites around the locus in the genome of JEC21, mutant and the complement were shown in Fig. 2A . Probed with 1-kb CVH1 upstream fragment ( Fig. 2A) , the blotting confirmed a 3-kb band in cvh1 , a 1-kb band in JEC21 and two bands, 1 kb and 3 kb, in the complement (Fig. 2B) . Putting together, the PCR amplification and Southern blotting verified the disruption of CVH1 by the CRISPR-Cas9-mediated double crossover in JEC21.
CVH1 is responsible for melanin production
The original cvh1 mutant was melanin deficient. Thus, we tested melanin formation for the secondary mutant strain cvh1 . The fresh cultured growth was washed with ddH 2 O and 20 μl were dropped onto the induction plate, ASN agar, containing NE with no sugar. After 5 days of incubation in dark at 30
• C, cvh1 exhibited little melanin production compared to the wild-type and the complement strain (Fig. 3) . As a control, high concentration of sugars inhibited the wild-type and the complement strain to produce melanin. The result manifests a critical role of cryptococcal GTPases activating a protein Cvh1 in the melanin biosynthesis in this yeast C. neoformans JEC21.
Melanin deficiency in cvh1 occurred at the transcriptional level of LAC1
In order to investigate the underlying reason for demolished melanin production, we examined the transcription of LAC1 in cvh1 , JEC21 and the complement strain by qRT-PCR. The gene LAC1 was the only gene responsible for the polyphenol melanin biosynthesis under the test condition (Salas et al. 1996; Zhu et al. 2003) . Total RNA was extracted from the cells grown at 30
shaking for 24 h, after the cDNA was acquired by reverse transcription from total RNA isolated from all strains and served as template in qRT-PCR. The PCR results clearly suggest that LAC1 was dramatically downregulated in cvh1 , compared to its level in the wild-type and the complement strains (Fig. 4) . Therefore, we draw a conclusion that CVH1 is required for the transcription of LAC1. 
CVH1 is required for tolerance to stress conditions
We also tested whether CVH1 plays certain roles in the survival of C. neoformans under different stress conditions. Fresh cells were serially diluted by 10-fold, and then 5 μl of each dilution was taken to drop onto YPD plates for different stress tolerance test. The mutant strain cvh1 was found to be hypersensitive to the osmotic stress in the presence of 2 M NaCl and 2 M sorbitol, suggesting a defect in HOG signaling pathway (Fig. 5) . Still more, it exhibited a severe hypersensitivity towards 1% Congo red and 0.01% SDS, suggesting that cell wall integrity was impaired in the mutant cells. On the other hand, the mutant cvh1 showed little difference in growth in 1 mg/ml CFW, or 1 mM H 2 O 2 , at a low pH, or at an elevated temperature, e.g. 37
• C or 39
• C (Fig. 5 ).
Taken together, the above tests suggest that CVH1 plays crucial roles in maintaining the cell wall integrity and the HOG signaling pathway in C. neoformans, and is critical for growth under harsh conditions.
CVH1 mutation affects capsule biosynthesis and cell size
We wondered whether the RhoGAP Cvh1 played a role in controlling the biosynthesis of the polysaccharides capsule in C. neoformans. India ink staining microscopy showed that capsule biosynthesis remarkably decreased in the mutant comparing to the wild-type JEC21, whereas the complemented strain restored capsule biosynthesis (Fig. 6) . We measured the capsule diameter of 50 cells of JEC21, cvh1 and the complement strain, respectively. The capsule diameter of the wild-type and the complemented strains was 0.94 ± 0.04 and 0.85 ± 0.03 μm, respectively, but it was only 0.34 ± 0.02 μm for the mutant (Fig. 6A) . Overall the mutant cells increased in size compared to control and complementary. The arrows indicate the necks of mother-daughter cell implying a delay in the formation of the septum (Fig. 6B) . Our data suggest that CVH1 is involved in capsule biosynthesis and affects the cell size in C. neoformans.
Exogenous cAMP restored melanin production
Studies have shown that the expression of laccase is regulated through the Gα-cAMP-PKA signaling pathway (Alspaugh et al. 2002) . Mutants with defect in G protein subunit GAP could not produce melanin and capsule. Exogenous cAMP supplementation could restore the defect derived from GPA1mutation (Choi, Vogl and Kronstad 2012) . On the other hand, high levels of exogenous cAMP also inhibit the melanin production in wild-type H99 strains (D'Souza et al. 2001) . To test whether CVH1 played a role in melanin production through cAMP PKA signaling pathway, exogenous cAMP was added to Asn agar (NE) containing no glucose, with JEC21 and the complement as a control. Results showed that 2.5 mM exogenous cAMP did restore melanin production in the cvh1 mutant, but not 10 mM (Fig. 7A) . Addition of cAMP to the media failed to restore the capsule production in the mutant (Fig. 7B ). These data suggest that CVH1 modulates melanin production via cAMP-PKA signaling pathway.
DISCUSSION
In this study, a basidiomycete-specific RhoGAP protein CVH1 gene was identified in the human pathogenic yeast Cryptococcus neoformans and disrupted mediated by the CRISPR-Cas9 editing system. The Rho-type GTPases are considered conserved molecular switches that control many of the important biochemical processes in the cell (Etienne-Manneville and Hall 2002). As GAPs accelerate the GTP hydrolysis to activate GTPase activity, we thus conducted preliminary characterization for CVH1 in the biosynthesis of virulence factors and in the growth of the yeast in stress.
CVH1 homologs are present only in specific eukaryotic phyla
We have shown that CVH1 encodes a Drosophila Vilse-like RhoGAP. Cryptococcal Cvh1 contains three characteristic domains bearing high similarity to Vilse (Lundström et al. 2004; Hu et al. 2005) : WW, MyTH4 and RhoGAP domains. Previous studies in the fly have shown that Vilse is involved in slit/Robo-mediated midline repulsion (Hu et al. 2005) , scaffold protein-mediated spine morphogenesis (Lim et al. 2014 ) and inhibition of wnt/β-catenin-mediated neural stem cell proliferation (Huang et al. 2016) . Most interestingly, blasting the latest GenBank databases, we found that Cvh1 homolgs exist only in Basidiomycetes, but absent in Ascomycota or lower groups of fungi (Fig. 1) . It is also found in metazoans but is missing in the green plants (Viridiplantae) . This unique distribution of Cvh1 homologs in eukaryotes implies that a common yet fundamental cellular process involves RhoGAP in these groups of eukaryotes from single-celled fungi to mammals (Fig. 1) . Unfortunately, investigation of the biological function of Vilse homologs in fungi is rare, even in fruit fly and mammalian cells. It seems to us that this is likely the first work of the kind that was conducted in fungi.
CVH1 is involved in stress resistance and cell wall integrity of Cryptococcus neoformans
We have shown that fungal CVH1 is critical for resistance to osmotic stress that was created by 2 M NaCl and sorbitol (Fig. 5) . It is established in this yeast that the response to osmotic pressure involves the HOG signal pathway (Bahn et al. 2005) . Thus, this pathway is possibly a target of Cvh1. Nonetheless, salt-induced stress is likely induced two different responses: osmotic stress and ion toxicity. Under osmotic stress conditions, cell maintained itself by major defense systems including accumulation of compatible solutes to balance the intracellular osmotic pressure (Abdel Nasser and El-Moghaz 2010) . Taking into account, sensitivity to 2 M NaCl indicates a role of CVH1 in balancing of solutes in the C. neoformans. Furthermore, the hypersensitivity of cvh1 to 0.01% SDS and to 1% Congo red clearly suggests defects in the plasma membrane and the cell wall. The dye Congo red binds specifically to (1, 4) β-glucans (84-86%) and interferes with cell wall production (Gerik et al. 2005) . This is likely a consequence of HOG pathway disruption (Bahn et al. 2005; Gerik et al. 2005; Missall et al. 2005; Fang et al. 2012) . Thus, the above experimental data strongly suggest that Cvh1 and the HOG pathway perhaps have crosstalk in C. neoformans.
Cryptococcus neoformans CVH1 is involved in regulation of virulence factor production
Our data showed that two main virulence factors of C. neoformans, melanin and capsule biosynthesis, are dramatically downregulated in cvh1 . One of the most striking phenotype of cvh1 is the loss of melanin production under the induction condition of low concentration of glucose (0.1%) (Fig 3) . LAC1 is considered to be the major contributor to laccase activity in such condition and is the only enzyme involved in the chemical steps towards melanin biosynthesis in C. neofromans (Salas et al. 1996; Zhu et al. 2004) . In cvh1 , the expression of LAC1 was demonstrated by qRT-PCR to be substantially diminished compared to the wild-type and the complemented strain (Fig. 4) . Furthermore, the capsule size of the mutant also decreased dramatically to approximately one-third of the wild-type size (Fig. 6A) . Interestingly, the loss of function of CVH1 did not have effects on the growth of C. neoformans at elevated temperature. Our study provides novel insights into the intrinsic linkage between Cvh1 and the regulation of virulence factor biosynthesis in C. neoformans.
Other effects of Cryptococcus neoformans CVH1
Small GTPases play multiple roles in controlling pathogenesis and morphogenesis in fungi. By far, three classes of small GTPases have been identified and investigated in C. neoformans: Ras1/Ras2 paralogs, Cdc42/Cdc420 paralogs and Rac1/Rac2 paralogs (Ballou et al. 2010 (Ballou et al. , 2013a . Each of those classes showed gene duplication and duplicated genes showed partly redundant function to each other. Mutation of RAS1 results in an accumulated defect in polarized growth, cytokinesis and cell cycle progression, which further leads to less thermo-tolerance and mating (Nichols et al. 2009 ). A previous model proposed that those morphogenesis variation is a consequence of the combined effect of Cdc42 paralogs and Rac paralogs, which are both downstream targets regulated by Ras1. Specifically, Cdc42 paralogs primarily regulate septin localization and cytokinesis while Rac paralogs are primarily responsible for polarized growth (Ballou et al. 2013a) . Overexpressing of the RDI1, a Rhotype GTPase inhibitor, showed morphological alteration comparing to the wild type (Price, Nichols and Alspaugh 2008) . It suggested the existence of a functional Rho-type GTPase inhibitor such as Cvh1. Our finding of CVH1, a RhoGAP, supports this hypothesis. Inactivation of CVH1 results in multiple morphological and virulence factor variation suggests that CVH1 may be involved in regulation of downstream Rho-type GTPases especially Rac paralogs or Cdc42 paralogs. Disruption of cvh1 led to cell size increase (Fig. 6B) . And even more, it appeared that cell division was delayed in the mutant strain (Fig. 6B) , namely, cytokinesis of the yeast was dependent on Cvh1 function. Most interestingly, our data showed that CVH1 may have interaction with HOG signal pathway and some other routes leading to the production of laccase and capsule, for instance, the Gα protein-mediated signaling pathway and MAPK pathways, suggesting a plural target aimed by Cvh1 in C. neoformans.
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